We have developed a simple surface modification technique to avoid irreversible agglomeration of titanium dioxide nanoparticles. The technique is based on hydrolysis-precipitation procedure, using TiOSO 4 as a precursor and water as a hydrolyser and a preparation medium. Diethylene glycol monomethyl ether is used as a surface modifier. Using a variety of characterization techniques, including XRD, SEM, TEM, TGA, DTA, AES, XPS, ELS and DLS, the resulting powders and the mechanism of surface stabilization were investigated. According to the proposed mechanism, hydroxyl-terminated ether molecules react with the surface of nanoparticles and then chemically adsorbed there. The layer of adsorbed molecules prevents the strong irreversible agglomeration during precipitation from the sol. The obtained anatase powder remains within the nanometric scale under heat-treatment up to 760°C. The powders can be re-dispersed in water by ultrasound treatment, resulting in relatively stable aqueous dispersions. In addition, the morphology of sintered bodies made of these powders is significantly improved as compared to non-stabilized powders, due to less agglomeration in the initial sintering stage.
Introduction
Titania has a number of applications in many fields such as catalysis (Yusuf et al., 2002; Hayashi & Torii, 2002; Noguchi et al., 2003) (it is a wellknown photo-catalyst), gas sensors (Ferroni et al., 2000; Yamada et al., 2000; Atashbar et al., 1998) (the advantages are reversibility and high thermal stability), dye-sensitized solar cells (O'Regan & Gra¨tzel, 1991) and pigments (Jalava et al., 1998; Moris et al., 1999 ) (due to the high refractive index, insolubility, chemical inertness and nontoxicity). Obtaining stable aqueous dispersions of nano-sized titania is of great importance, since it permits creation of high volume fraction of interfacial structures. In order to obtain stable dispersion of nanoparticles, surface modification is often required to prevent agglomeration.
Nanoparticles always tend to agglomerate, decreasing the surface-to-volume ratio and, as a result, the free energy of the system. The force that drives the agglomeration process is the van der Waals attraction. The forces that may prevent the agglomeration and increase colloidal stability are the electrostatic and steric repulsions between the surfaces. Stability of colloidal systems is dealt by the DLVO theory, taking into account (if necessary) the steric repulsion term (Verwey & Overbeek, 1948; Hunter, 1989) .
Adsorption of molecules onto the surface may increase the energy of repulsion (electrostatically or sterically); as a result, the attraction between the surfaces may be reduced, leading to weaker agglomeration. Surface modification can be performed by physical or chemical adsorption of various materials, which gives rise to a variety of combinations. The fact that surface modification can be performed at various stages of the preparation process creates an additional process parameter to play with.
Physical or chemical adsorption may be performed, for instance, by dispersing titania powder in a certain medium containing a surface modifier (dispersant). This should be performed at appropriate conditions, which allow the dispersant to approach the surface rapidly enough (Noguchi et al., 2003; Greenwood & Kendall, 1999; Chibowski & Paszkiewicz, 2001 ). Another approach is to apply adsorption during the powder preparation process, where the particles are formed in a reaction mixture that contains a certain dispersant. In that case, the surface of the obtained nanoparticles will be usually coated by chemically adsorbed molecules (Morris et al., 1999; Beek & Janssen, 2002; Wu et al., 2000) . Physical adsorption due to electrostatic interactions between the surface of the particle and the dispersant may also be achieved during the preparation process (Kotov et al., 1994) . Depending on the type of the dispersant, organic (Greenwood & Kendall, 1999; Chibowski & Paszkiewicz, 2001; Beek & Janssen, 2002; Wu et al., 2000; Kotov et al., 1994; Konovalova & Kispert, 1999) or inorganic (Noguchi et al., 2003; Morris et al., 1999) coatings can be obtained.
In the current work, the coating is only used to prevent irreversible agglomeration during the nanoparticles' precipitation from the sol. After the precipitation, the coating is removed during the calcination and pure anatase nanoparticles are obtained. These powders can be re-dispersed, having improved colloidal stability as compared to non-treated powders, and they also demonstrate better sintering behavior. To investigate the mechanism of the influence of the diethylene glycol monomethyl ether on the dispersion characteristics and the sintering morphology of TiO 2 , the surface modified powder was well-characterized by a variety of methods. The results were compared to results of the characterization of reference powder, which was fabricated under identical preparation conditions except for the ether addition.
Precipitation of nano-sized TiO 2 from aqueous solutions of TiOSO 4 at room temperature and atmospheric pressure was reported by a number of authors (Tsevis et al., 1998; Iwasaki et al., 1998; Ito et al., 1999) . However, without suitable stabilization of the surface, this routine may yield titania nanoparticles that are strongly agglomerated due to the van der Waals attraction. This may cause severe problems in their applications, when the powder processing requires re-dispersion in liquid medium, or sintering.
Experimental

Powders preparation
The preparation procedure was carried out in a continuously stirred closed glass flask, V=0.250 l, at room temperature. The pH was continuously monitored during the preparation process. The stirrer velocity was kept constant for all the experiments. For the preparation of a surface modified titania powder, 20 g of TiOSO 4 AE 2H 2 O powder (Alfa Aesar, 81.2% TiOSO 4 AE 2H 2 O, 17.2% sulfuric acid, 1.6% water) were added to a solution, which contained 180 ml of diethylene glycol monomethyl ether (H 3 CAOA ðCH 2 Þ 2 AOAðCH 2 Þ 2 AOH, Aldrich, 99%), and 40 ml of distilled water filtered by a 0.2 lm filter, to adjust the molar concentration of TiOSO 4 of 0.377 mol l )1 . Immediately after the addition of TiOSO 4 AE 2H 2 O, a rapid drop of pH to pH % 1 takes place. This drop is followed by an additional decrease in pH to pH % 0.1, The initial drop is due to the sulfuric acid dissolving and the further, slower, decrease is due to the hydrolysis of TiOS-O 4 . The initially white suspension turns accordingly into a clear mixture. After 90 h, it is verified that the pH is stable, and then the pH is increased by dropwise addition of a concentrated NH 4 OH water solution (Frutarom LTD, analytical grade, 25 wt% NH 3 ) up to pH = 10, to agitate precipitation. Upon the addition of the NH 4 OH solution, the mixture turns into a white color suspension. The resulting white precipitates are separated by centrifugation. After centrifugation, powders are washed three times by a 2-fold diluted NH 4 OH solution (12.5 wt% NH 3 ) and, finally, by distilled water. This procedure is performed in order to avoid contamination from the counter-ions of the salt used as a precursor (SO 4 2) ). Centrifugation was carried out after each washing step in order to separate the precipitates without significant loss and to remove the counter-ions with the remaining solution. Then, the precipitates were dried overnight at 80°C, resulting in a white powder. This powder will be denoted hereafter SMP (surface modified powder).
For the preparation of a reference powder, without surface modification, the same procedure was performed with water only, i.e., using 220 ml of water without addition of the ether. The reference powder will be denoted UMP (unmodified powder). SMP and UMP were thermally treated at various temperatures (up to 900°C) in static air, using a tube furnace.
After annealing for 2 h at 450 and 760°C, the powders were re-dispersed in distilled and filtered water to obtain 0.05-0.2 wt% dispersions. The resulting dispersions were treated by ultrasound to break agglomerates. The ultrasonic treatment was applied by Ultrasonic Homogenizer, model 300V/ T, Biologics Inc., using an identical procedure for all the samples.
Characterization techniques
The mixtures obtained before the precipitation agitation by NH 4 OH were studied by Small Angle X-ray Scattering (SAXS), using a compact Kratky camera (Anton Paar), CuKa radiation with applied voltage of 40 kV and current of 20 mA.
The obtained powders were characterized by a number of methods. Scanning Electron Microscope (SEM) observations were made with a Jeol JSM-5400 microscope equipped with an Energy Dispersive Spectroscopy system (EDS), working at 15 kV; the samples were gold-coated prior to observation. High Resolution SEM (HRSEM) was performed with LEO 982 microscope with accelerating voltage of 5 kV. Transmission Electron Microscope (TEM) observations were performed using a Philips CM120 working at 120 kV. Specimens were prepared by rapid freezing to the temperature of liquid nitrogen (cryo-TEM). X-ray Diffraction (XRD) patterns were obtained on a Philips X'pert powder diffractometer, CuKa. Thermal Gravimetric Analysis (TGA) combined with Differential Thermal Analysis (DTA) was performed on a Setaram 92-26 apparatus. Auger Electron Spectroscopy (AES) was performed on a Microlab 350 Scanning Auger Microprobe, Thermo VG Scientific, working at 10-20 kV. X-ray Photoelectron Spectroscopy (XPS) was performed on a Sigma Probe, Thermo VG Scientific. Particle size and f-potential were measured in water suspensions by Dynamic and by Electrophoretic Light Scattering (DLS and ELS), respectively, using a Zeta PALS, Brookhaven Instruments Corporation, equipped with 35 mW, k=635 nm solid state laser.
Results and discussion
The reaction mixtures before precipitation
We start by describing the suspensions that we obtained in the first preparation stage, after the hydrolysis process and before the addition of NH 4 OH. The nanoparticles suspensions were stable, without any noticeable change in turbidity, for at least 1 month. The mechanism of the stabilization seems to be electrostatic repulsion between the nanoparticles due to adsorption of ions, which are released as a result of the precursor hydrolysis.
For both preparation procedures, the SAXS patterns were typical for homogeneous spheres with a diameter of $2 nm, providing a clear evidence for the formation of a colloidal suspension, containing nearly spherical nanoparticles. This explains the formation of the non-scattering in visible light mixtures from initially white suspensions. Moreover, it suggests that the presence of ether in the reaction mixture did not influence the particle size at this stage of the preparation process.
The hydrolysis of TiOSO 4 results in formation of TiO(OH) 2 according to the following reaction:
The solution rapidly achieves supersaturation, leading to the formation of TiO(OH) 2 nanoparticles. Their growth is hindered by immediate electrostatic stabilization. Finally, a dispersion of nanoparticles with a diameter of $2 nm (as measured by SAXS), which is electrostatically stabilized, is formed.
Characterization of the precipitated powders
Composition and morphology Analysis of the chemical composition of both UMP and SMP performed by EDS and AES, showed the presence of Ti, O and C. The relative amount of carbon in SMP is significantly higher as compared to UMP. No traces of S were found in both powders. Characterizations by XRD show that the precipitated powders are amorphous.
SEM and HRSEM observations of the precipitated UMP and SMP, Figures 1 and 2 , showed that the powders fabricated in the two different mediums have completely different morphology. UMP contains agglomerates, which are packed in a relatively dense phase, whereas SMP consists of nanoparticles, which are arranged as a highly porous, sponge-like phase.
Surface analysis (AES, XPS)
AES provides information essentially regarding the elemental composition of the first 2-10 atomic layers and allows obtaining information from extremely small areas using electron beams with diameters of $10-30 nm. This technique was performed in order to test the presence of the ether molecules on the surface of the SMP nanoparticles. The Auger spectrum of UMP presented in Figure 3 shows the presence of two major elements, Ti and O. A modest amount of C may be related to CO 2 , adsorbed from the atmosphere or water during the preparation process. Larger relative amounts of C and smaller relative amounts of Ti and O are present in SMP (Figure 4 ). Since each molecule of the ether (C 5 H 12 O 3 ) contains five carbon atoms, this difference may be attributed to the ether molecules adsorbed onto the surface of the SMP nanoparticles. Figures 5 and 6 present depth profiles of as precipitated UMP and SMP, obtained by AES using an electron beam with a diameter of $10 nm, combined with ion beam sputtering by argon. It can be seen that for UMP, the concentration of C on the surface is $4 at.%, whereas after $1 nm depth, C completely disappears. For SMP, a much higher carbon concentration of $32 at.% was detected on the surface; it drops to $9 at.% after $2 nm depth, and then moderately decreases. The fact that traces of C are present in all measured depths for SMP may be explained by in-situ contamination from neighboring surfaces, since it is very difficult to obtain information from a single nanoparticle. This is not detected in UMP because of the much lower surface concentration of carbon in this powder.
XPS was performed in order to examine whether the ether molecules are chemically adsorbed onto the TiO(OH) 2 nanoparticles, since this technique provides information about the chemical environment of elements close to the surface ($outer 10 nm). The XPS analysis of the as precipitated powders showed peaks characteristic of titanium, oxygen and carbon. The regions of C 1s, O 1s and Ti 2p were specifically investigated with 0.05 eV energy step and ±0.05 eV accuracy. The obtained binding energies were compared to values from Handbook of X-ray Photoelectron Spectroscopy (Moulder et al., 1992) and to values that were reported in the literature (Wu et al., 2000; Go¨pel et al., 1984; Babelon et al., 1998; Ardizzone et al., 2002; Morris et al., 2000) .
The investigation of the C 1s spectra did not provide a clear proof for chemical adsorption of the ether onto the TiO(OH) 2 nanoparticles. On the other hand, examination of the O 1s and Ti 2p spectra revealed that SMP contains less hydroxyl groups than UMP and contains considerable amounts of Ti 3+ . The O 1s core-level spectra of as precipitated UMP and SMP are shown in Figure 7a and b. The main peak (A) binding energies of 530.25 eV for UMP and 529.69 eV for SMP are within the range that is characteristic of metal oxides (Moulder et al., 1992) and specifically for O 1s in TiO 2 (Babelon et al., 1998; Ardizzone et al., 2002) . Therefore, peak A may be assigned with O in TiO(OH) 2 .
The binding energies of peak B, 531.62 eV for UMP and 531.86 eV for SMP, correspond to O in the hydroxyl species (Moulder et al., 1992) . This peak may be attributed to the hydroxyls of the TiO(OH) 2 . The relative integrated intensity of peak B, i.e. percents of the total integrated intensity of O 1s, for SMP (3.43%) is smaller than that for UMP (12.87%). Hence SMP contains less hydroxyl groups, which may be a result of a chemical reaction between the hydroxyls of TiO(OH) 2 and the hydroxyls of the ether molecules. It may be a condensation-type reaction that leads to the elimination of water. As a result of this reaction, the ether molecules are connected to the TiO(OH) 2 nanoparticles surface via covalent bonds. The Ti 2p core-level spectra of as precipitated UMP and SMP are shown in Figure 8a and b. Peak C and peak D correspond to Ti 2p 3/2 and Ti 2p 1/2 lines, respectively. The binding energies of Ti 2p 3/2 are 458.71 and 458.23 eV for UMP and SMP, respectively. Peak C is of Ti in TiO(OH) 2 . Ti 2p 3/2 binding energies vary quite significantly, depending on the preparation procedure (Wu et al., 2000; Go¨pel et al., 1984; Babelon et al., 1998; Ardizzone et al., 2002) . The binding energies, characteristic of TiO 2 , are in the $458.6-459.2 eV range (Moulder et al., 1992) .
For SMP, an additional peak (noted E), which corresponds to a binding energy of 457.31 eV, was observed using deconvolution. This peak is characteristic of the presence of Ti 3+ (Go¨pel et al., 1984; Babelon et al., 1998; Morris et al., 2000) . Therefore, certain amounts of Ti 3+ are created during the precipitation of SMP, as a result of the chemical adsorption of the ether molecules on the surface.
Thermal analysis combined with in-situ mass spectrometry Figure 9 compares weight loss vs. temperature curves of the two powders, measured by TGA. For UMP, a total weight loss (TWL) of 19.4% was detected, while for SMP the TWL was 24.7%. According to the thermal decomposition reaction (Eq. (2) below), the TWL should be 18.4%, smaller by 1% than that observed for UMP. This difference may be attributed to the presence of adsorbed carbon and water.
TiOðOHÞ 2 ðamorphousÞ ! TiO 2 ðcrystallineÞ þ H 2 O " ð 2Þ
In Figure 10 , DTA/TGA curves of UMP are presented. Two endothermic peaks centered at $140 and $195°C are due to the removal of water, as was confirmed by in-situ Mass Spectroscopy (MS) of the released gases. These peaks are clearly associated with the two DTG peaks, which appear because of the weight loss as a result of the water removal. The first peak corresponds to the physically adsorbed water and the second to the water released as a result of dehydration of TiO(OH) 2 . Figure 11 shows DTA/TGA curves of SMP. An additional broad exothermic peak, centered at $260°C, which is accompanied by a DTG peak, distinguishes SMP from UMP. It is proposed that this is due to the partial replacement of water in TiO(OH) 2 by ether molecules during the precipitation process.
The narrow exothermic peaks observed at $410°C in Figures 10 and 11 are associated with the crystallization of TiO 2 , as confirmed by XRD, Figure 12 . While after calcination at 250°C, UMP was amorphous; in the powder heated at 390°C the main reflections of anatase were already distinguishable. The peaks of the crystallization are also associated with DTG peaks. This minor weight loss is due to oxygen and water release, as was observed by MS. In Figure 13 it can be seen that the DTG peak is located at the same temperature range as the DTA exotherm centered at $260°C. Since the diethylene glycol monomethyl ether auto ignition temperature is T=221°C, one can conclude that this exotherm is accompanied by the ether burning out from the powder. Consequently, the ether molecules are somehow adsorbed on the SMP powder and the adsorption is rather chemical than physical. Due to the chemical adsorption, the ether is not evaporated when heated at temperatures lower than $200°C. Only when the temperature of the surroundings becomes high enough to allow auto ignition, it is burned out.
Characterization of calcined powder
XRD analysis of powders that were calcined within the tested range of 410-760°C showed that the powders were consisting of anatase nano-crystallites. For instance, the crystallite sizes of powders annealed for 2 h at 760°C was: d=37±4 nm and d=43±7 nm for UMP and SMP, respectively. The size of the crystallites was estimated from the line broadening of corresponding X-ray diffraction peaks by the Modified Rietveld Method (Young, 1993) . This is done using the Scherrer equation (Eq. (3)) where the peak width corresponds to the Lorentzian part only. In this equation, FWHM is the peak full width at half maximum, h is the respective diffraction angle, and k is the wavelength of the incident beam (k =1.5418 Å ). Figure 14 shows TEM micrographs of UMP calcined for 2 h at 500°C; highly agglomerated titania nano-crystallites with a diameter of $10-20 nm can be seen. At this point, we wish to emphasize the fact that obtaining somehow stable aqueous dispersion from UMP (either as-precipitated or after calcination) by ultrasound treatment was not possible because of the strong agglomeration. 
Study of dispersion stability of anatase SMP by DLS and ELS
The particle size in the obtained from SMP anatase water dispersions was measured by DLS in the pH range 2 < pH < 12, at room temperature. The powder was calcined for 2 h at 760°C in static air prior to measuring to get anatase phase. 0.2 wt% water suspension was prepared using distilled and filtered water. Ultrasonication for the duration of 5 min was applied to break agglomerates. The suspension was divided into a number of aliquots and the pH was adjusted to different values by addition of standard 0.1 M solutions of HCl and NaOH. The pH was measured with an accuracy of 0.1 pH units by a glass electrode, calibrated with pH = 4 and pH = 7 standard solutions. An additional ultrasonic treatment was applied and the pH of the sample was accurately measured just before each measurement. The anatase water dispersions that were obtained from SMP were stable at least for the duration of the measurement procedure (10 min). The particle diameter remains within the tens of nanometers range, comparable to the values measured by XRD, over the whole pH range excluding pH % 4.9. At that pH, a less stable measurement showed particle diameter of about 500 nm. This was due to agglomeration that occurs near the i.e.p., which was shown to be located at pH % 4.5. Figure 15 presents the f-potential of 0.05 wt% water suspension in the pH range 2 < pH < 12 by ELS. The Phase Analysis Light Scattering (PALS) option, which is much more sensitive than conventional ELS for low electrophoretic mobility cases, was used to determine the f-potential (McNeil-Watson et al., 1998) . Each measurement of the f-potential contained five runs of 1 min duration. The deviations from the average of five runs value for a given pH did not exceed ±5 mV.
Morphology comparison of sintered bodies made of UMP and SMP
The calcined powders were further processed into pellets (d=1 cm) that were pressed without sintering additives for 1 min at pressure of 380 MPa. Then the pellets were sintered three times for 4 h at gradually increasing temperatures (760 fi 1300 fi 1400°C), with cooling to room temperature after each step. Figure 16 shows the bulk of the pellets after the second sintering (4 h at 1300°C). While UMP forms irregular phase with cracks and disconnected particles, the sintering of SMP leads to the formation of a continuous porous phase without cracks. UMP undergoes final stages of sintering at this temperature, resulting in the formation of micron-sized grains with well-defined grain boundaries. On the other hand, SMP undergoes early stages of sintering at this temperature, leading to formation of necks between the particles and grain growth. The important conclusion is that the ether addition leads to sintering hindrance and improves the morphology of the sintered powder. Figure 17 shows the outer surface of the pellets after the final sintering (4 h at 1400°C). It can be seen that the size of the grains is similar in both samples. Both powders undergo final stages of sintering, leading to the formation of a dense phase with well-defined grain boundaries. However, UMP contains significant amount of inhomogeneities (cracks and void spaces, shown by arrows); whereas SMP forms homogeneous, highly dense phase. One can conclude that the addition of the ether not only influences the colloidal behavior, but also allows obtaining better morphology of the sintered titania, long after the ether is burnt out.
Summary of comparison of UMP and SMP
Based on the results of the powders characterization, one can conclude that during the precipitation process of SMP, adsorption of diethylene glycol monomethyl ether onto the H 2 TiO 3 nanoparticles occurs. Considering DTA/TGA/DTG, AES and XPS results, it can be concluded that the adsorption is chemical rather than physical, and takes place mainly on the surface of the nanoparticles. The adsorbed molecules prevent the TiO(OH) 2 nanoparticles from strong irreversible agglomeration during the precipitation from the sol. As a result, the morphology of the precipitated SMP powder is different than that of UMP. Surface stabilization by the ether also allows obtaining stable dispersions and improving morphology of sintered powders.
An important point that should be emphasized here is that the fabrication of stable dispersions from the as precipitated SMP was not possible because of fast agglomeration, occurring immediately after dispersing by ultrasound. On the other hand, after annealing for 2 h at 760°C, relatively stable dispersions were obtained. Considering that the ether is burned out at $220-320°C (as was shown by thermal analysis), one can conclude that burning out the ether molecules leaves the SMP at some meta-stable state. This may be explained assuming that the ether molecules are chemically bonded to the TiO(OH) 2 surface via hydroxyl groups as a result of the following reaction:
where RA H 3 CAOAðCH 2 Þ 2 AOAðCH 2 Þ 2 A. This reaction is in accord with the higher surface concentration of C (from AES) and the lower concentration of hydroxyls (from XPS) in SMP, as compared to UMP. Furthermore, the presence of Ti 3+ in the SMP may be the result of the change of the chemical environment of titanium due to the replacement of hydroxyl groups of TiO(OH) 2 by covalently bonded ether molecules.
Following Eq. (4), the nanoparticles become more hydrophobic due to CH 3 and CH 2 groups located on their surface and will tend to agglomerate rapidly in water. Calcination at 760°C allows complete burning out of the ether residues, resulting in a much more hydrophilic surface. As a result, calcined SMP can be dispersed in water, resulting in relatively stable nanoparticles dispersion. It is interesting that although the ether is not present in the SMP powder after the calcination, the history of the preparation influences the properties of the sintered SMP powder.
Proposed model for the surface stabilization mechanism
The preparation procedure is as follows: At stage (I) the TiO(OH) 2 nanoparticles are formed as a result of TiOSO 4 hydrolysis according to Eq. (1). It is followed by nucleation of the TiO(OH) 2 molecules to the nanoparticles. Due to electrostatic repulsion, the nanoparticles do not undergo agglomeration and remain in a dispersed state. Consequently, the formation of non-scattering in visible light colloidal dispersion containing nanoparticles with d% 2 nm occurs, as was shown by SAXS. During the preparation of SMP, the ether molecules are chemically adsorbed onto the nanoparticles' surface, as schematically shown in Figure 18 .
In order to separate the nanoparticles from the preparation medium, NH 4 OH aqueous solution is added at stage (II). The addition of NH 4 OH causes an increase in pH, resulting in rapid agglomeration that leads to formation of precipitates. Then, at stage (III), the precipitates are separated out and purified by centrifugation and washings.
Re-dispersion of both as precipitated UMP and SMP powders is difficult, and the dispersions obtained are unstable. According to the proposed model, in the case of UMP the aggregation is strong and hence the energy of the ultrasound treatment is not sufficient to re-disperse this powder (to fracture the agglomerates). In the case of SMP, the agglomeration is relatively weak due to the layer of adsorbed molecules. However, that adsorbed layer increases the surface hydrophobicity, decreasing the colloidal stability in water. Therefore, while both powders are unstable at this stage in the colloidal sense, the mechanisms of the instability are different.
A schematic representation of the proposed mechanism of the surface modification is presented in Figure 18 . The presence of the ether molecules during stage (II) influences the morphology of the powder. As a result, a highly porous phase is formed for SMP, whereas UMP consists of strongly agglomerated nanoparticles, packed to a relatively dense phase (Figure 2 ).
Throughout the calcination at stage (IV), the unmodified nanoparticles (UMP), which were already strongly connected to each other, undergo further agglomeration due to the mass transfer between adjacent particles, resulting in an even stronger connection. It is not possible to stably re-disperse the calcined UMP because of this strong agglomeration between the nanoparticles. The surface of the stabilized nanoparticles (SMP) is covered by the ether molecules, which prevent the nanoparticles from contact between them. Obviously, after the burning out of the ether the surfaces of the nanoparticles are connected to each other. However, the agglomeration is weaker, as compared to UMP, and relatively large amounts of void space are formed. Such powders may be re-dispersed in water by ultrasound treatment, resulting in relatively stable nanoparticles dispersions, as shown in section 'Study of dispersion stability of anatase SMP by DLS and ELS'.
As shown in section 'Morphology comparison of sintered bodies made of UMP and SMP', the morphology of the sintered SMP was significantly improved as compared to that of UMP. We attribute this difference to the presence of large amounts of agglomerates in UMP, which act as centers for inhomogeneous sintering, whereas in SMP the initial agglomeration is much weaker, hence the sintering is hindered and begins more homogeneously.
We next evaluate whether the short ether molecules are long enough to prevent the nanoparticles from falling into the deep well of the van der Waals attraction. Examination of Eq. (5), which gives an expression for V A between two identical spherical particles of radius a, and center-to-center separation distance R (Hamaker, 1937) , shows that the V A magnitude depends considerably on the particle radius a. A 121 is the Hamaker constant for two identical interfaces ''1'', interacting through a fluid ''2''.
In Figure 19 , the van der Waals attraction potential curves vs. surface-to-surface separation distance H (H=R)2a) are sketched for TiO 2 nanoparticles dispersed in water. The particles were assumed to be spheres and an effective Hamaker constant of A 121 =5.6Â 10 )20 J for anatase suspended in water (French, 2000; Gustafsson et al., 2003) , was taken for the calculations. A realistic Hamaker constant for the surface of SMP will be different, presumably even smaller; hence that value can be taken for a rough estimation. Figure 19 reveals that the V A range is less than $2 nm for a<5 nm. In our process, the size of the nanoparticles in the dispersion before the precipitation is a% 1 nm, as was shown by SAXS. The length of the ether molecule is of the order of $1 nm. The steric interaction in interpenetrational-plus-compressional domain invariably results in repulsion, irrespective of the dispersion medium (Hunter, 1989) . The interpenetrational-plus-compressional domain is defined as the domain where the surface-to-surface separation distance H is less than the adsorbed layer thickness L, i.e. H<L. Therefore, it may be concluded that the range of the steric repulsion V S caused by the ether molecules of a $1 nm length is comparable to that of V A for TiO 2 nanoparticles of a $1 nm radius.
Conclusions
We have developed a simple technique of surface modification to avoid irreversible agglomeration. The method is based on the hydrolysis-precipitation procedure with diethylene glycol monomethyl ether as a surface modifier. The process is spontaneous and no additional equipment or energy source is required. Pure TiO 2 nanoparticles in an amorphous and a crystalline state can be fabricated. Particle sizes remain within the nanometric scale (<50 nm) when heat-treated up to 760°C.
Using a variety of characterization techniques, we have investigated the mechanism of the surface modification. In view of the results of the powders characterization and theoretical considerations, we conclude that hydroxyl-terminated ether molecules react with the surface of the nanoparticles and chemically adsorb there. The layer of adsorbed molecules prevents the nanoparticle surfaces from contact with each other during the precipitation from the sol. This avoids the strong irreversible agglomeration at this critical stage of the nanopowder preparation.
After burning out the ether molecules, relatively stable aqueous dispersions, which contain TiO 2 nanoparticles in a dispersed state, can be obtained by ultrasound treatment. In addition, we have significantly improved the morphology of sintered bodies made of this powder due to the de-agglomeration in the surface stabilized powder. . V A vs. surface-to-surface distance curves for TiO 2 water dispersions with different particle sizes.
